Sex-chromosome differentiation was recently shown to vary among common frog populations in Fennoscandia, suggesting a trend of increased differentiation with latitude. By rearing families from two contrasted populations (respectively, from northern and southern Sweden), we show this disparity to stem from differences in sex-determination mechanisms rather than in XY-recombination patterns. Offspring from the northern population display equal sex ratios at metamorphosis, with phenotypic sexes that correlate strongly with paternal LG 2 haplotypes (the sex chromosome); accordingly, Y haplotypes are markedly differentiated, with male-specific alleles and depressed diversity testifying to their smaller effective population size. In the southern population, by contrast, a majority of juveniles present ovaries at metamorphosis; only later in development do sex ratios return to equilibrium. Even at these later stages, phenotypic sexes correlate only mildly with paternal LG 2 haplotypes; accordingly, there are no recognizable Y haplotypes. These distinct patterns of gonadal development fit the concept of 'sex races' proposed in the 1930s, with our two populations assigned to the 'differentiated' and 'semi-differentiated' races, respectively. Our results support the suggestion that 'sex races' differ in the genetic versus epigenetic components of sex determination. Analysing populations from the 'undifferentiated race' with high-density genetic maps should help to further test this hypothesis.
Introduction
In contrast with the strict and stable genotypic sex determination (GSD) that characterizes birds and mammals, the mechanisms of sex determination in ectothermic vertebrates are generally quite labile and may include important epigenetic components. Epigenetics is meant here in its broadest sense (sensu [1, 2] ), referring to a phenotypic differentiation triggered by non-genetic cues, be they intrinsic (e.g. positional) or extrinsic (e.g. environmental or social). Purely environmental sex determination (ESD) has been documented in several fish and non-avian reptiles (e.g. [3] [4] [5] [6] [7] ). Sex chromosomes in these groups are often homomorphic, partly due to frequent turnovers (e.g. [8] ) and partly to occasional events of XY recombination (e.g. [9] ). These two processes are non-exclusive [10, 11] , both being possibly mediated by occasional events of sex reversal induced by environmental interactions [12, 13] . In amphibians, all species investigated so far present a genetic component to sex determination (as supported by co-segregation of sex with genetic markers; reviewed in [14] ), sometimes with temperature effects, but cytogenetically differentiated sex chromosomes occur in less than 4% of species [14] . Particularly frequent transitions have been reported in ranid frogs, where different chromosome pairs have been co-opted for sex determination depending on species [15] . Temperature effects have been documented in a few species, mostly consisting of masculinization of XX individuals at high temperatures (e.g. [16] ); sex-reversed XX males tend to produce female-biased clutches (e.g. [17, 18] ).
The common frog Rana temporaria, widespread from Spain to Northern Norway and from sea level to more than 2500 m.a.s.l. [19] , appears as a good & 2015 The Author(s) Published by the Royal Society. All rights reserved. model to investigate interactions between genes and environment. Its sex-determination system had already raised interest in the early twentieth century, with the description by Witschi [16, 20] of 'sex races', correlating with climatic zones. In the so-called 'differentiated race', assigned to boreal and alpine climates, juveniles present equal sex ratios at metamorphosis, with well-differentiated testes or ovaries. In the 'undifferentiated race', found in the milder climate of southern England, Netherlands and central Germany down to the Jura Mountains, all juveniles present ovaries at metamorphosis; only later in development do some froglets replace ovaries by testes. In the 'semi-differentiated' race, found in intermediate climatic conditions, variable proportions of females, males and sometimes hermaphrodites are found at metamorphosis. Piquet [21] provided laboratory evidence for temperature effects on sex determination and hypothesized sex races to differ in the underlying mechanisms of sex determination, being pure GSD in the differentiated race, but comprising epigenetic effects in the undifferentiated one. Evidence for genetic effects has been gathered from populations of Fennoscandia and Switzerland, where several markers display a clear association with sex, consistent with male heterogamety. However, the strength of the association varies between populations and families [22] [23] [24] . Those markers fall into linkage group 2 (LG 2 , which also includes the LG 15 of Cano et al. [25] ). Environmental effects on sex determination in nature are supported by the strong fluctuations in sex ratios documented in some subarctic populations, with evidence for sex-reversed XX males [23, 26, 27] and possibly XY females [12, 22] .
Rodrigues et al. [28] recently found sex differentiation at LG 2 to differ among populations along a 1500 km latitudinal transect in Sweden, seemingly with a latitudinal trend: differentiation was strongest in the northern-boreal population of Ammarnäs (with high F ST between sexes, heterozygote excess in males and male-specific alleles and haplotypes) but null in the southernmost population of Tvedöra (nemoral climate). Other populations displayed intermediate patterns, with an apparently bimodal distribution of males: some clustered on their own, while others were genetically undistinguishable from females. It is tempting to interpret this intriguing pattern in light of Witschi's [20] and Piquet's [21] suggestions of sex races: the northern population (Ammarnäs), with clear GSD, would belong to the differentiated race, whereas the southern population (Tvedöra), with no sign of GSD (i.e. possibly pure ESD), would belong to the undifferentiated race. Intermediate populations would present a mix of ESD and GSD families, and belong to the semi-differentiated race. This hypothesis is formalized in figure 1 (adapted from [28] ). There are, however, alternative interpretations to the empirical trend documented by Rodrigues et al. [28] . An obvious one is that all populations harbour the same GSD system, with the same master sex-determination gene on LG 2 , but differ in the patterns of recombination. The northern population (Ammarnäs), for instance, might have fixed a large inversion on the Y chromosome, preventing XY recombination in males, while X haplotypes would recombine more freely with non-inverted Y haplotypes in the southern population (Tvedöra); the two types of Y chromosomes would segregate in intermediate populations.
In the present paper, we test between these two alternative hypotheses, by screening families from the two populations of Ammarnäs and Tvedö ra for patterns of LG 2 recombination, sex linkage and offspring sex ratios. The specific predictions stemming from our two hypotheses are straightforward: if, on the one hand, the differences in population genetics result from differences in the patterns of XY recombination, then the LG 2 map should be very short (close to 0.0 cM) in males from Ammarnäs, but significantly larger in males from Tvedöra. In this latter population, association with sex should vary with markers, the strongest link being found for markers closest to the SD locus. If, on the other hand, differences are due to the sex-determination system being genotypic in Ammarnäs, versus epigenetic in Tvedö ra, then we expect a perfect association with sex in the former population, but none in the latter. Furthermore, if these two populations indeed fit Witschi's differentiated versus undifferentiated races, respectively, then we expect juveniles from Ammarnäs to present either testes or ovaries in equal proportions at metamorphosis, but only ovaries for those from Tvedöra, with some individuals replacing ovaries by testes later in development. 17 and 20 May. Individual pairs were kept overnight in 11 l plastic boxes with grass tufts and half-filled with pond water, allowing them to lay a clutch. On the next day, adults were sampled for buccal cells with sterile cotton swabs [29] , then released at the place of capture. A total of 12 clutches-six from Tvedöra (T 1 to T 6 ) and six from Ammarnäs (A 1 to A 6 )-were collected and brought to outdoor facilities at the Lausanne University campus. Each family was raised in 525 l tanks until tadpoles reached metamorphosis, exposed to outdoor climatic conditions (temperature, humidity, rain and sunlight). Tanks were randomized with respect to population origin. Within one week of metamorphosis (stage 43 [30] ), Figure 1 . Hypothetical norms of reaction for XX and XY genotypes, with sex modelled as a threshold trait. The amount of a sex factor SF (e.g. a male hormone) produced by a given genotype increases with the environmental gradient E (e.g. temperature). For the environmental range considered, the XY genotype always produces enough of the sex factor to lie above the threshold (horizontal straight line), so that all XY individuals develop as males. At low environmental values (E 1 ), the amount of sex factor produced by the XX genotype always lies below the threshold, so that all XX individuals develop as females; sex determination is thus purely genetic (GSD). As the environmental gradient increases, an increasing proportion of XX individuals exceed the threshold, thus developing into 'sex-reversed' males. As a result of sex-ratio selection, the frequency of XY individuals progressively diminishes. At the extreme (E 3 ), all individuals are XX and sex determination becomes purely environmental (ESD). Adapted from [28] .
Material and methods (a) Field sampling and husbandry
rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20142726 40 offspring from each of the 12 families (referred to as 'metamorphs' hereafter) were anaesthetized in 0.2% ethyl3-aminobenzoate methanesulfonate salt solution (MS222), then dropped in 70% ethanol for euthanasia and preservation at 2208C. The remaining offspring were maintained in outdoor tanks and fed crickets, fruitflies (Drosophila) and mealworms. When reaching about 2 cm snout-vent length (stage 45 [30] ), these juveniles (referred to as 'froglets' hereafter) were anaesthetized, euthanized and conserved in ethanol. Metamorphs and froglets were dissected under a binocular microscope in order to determine phenotypic sex based on gonad morphology. Ovaries in common frogs develop from the whole gonadal primordia into a large whitish/yellowish structure with distinct lobes, and a characteristic granular aspect conferred by the many oocytes embedded in the cortex [31] . By contrast, testes develop from the anterior part of the gonadal primordia only (the posterior part degenerates) into a small oblong structure, with a smooth cortex covered with melanic spots [32] . In case of doubt, gonads were considered as undifferentiated and sex was not assigned (NA).
(b) Microsatellite amplifications and analyses
After overnight treatment with 10% proteinase K (QIAgen) at 568C, DNA was extracted from hindleg tissues (metamorphs and froglets) and buccal swabs (adults) using a QIAgen DNeasy kit and a BioSprint 96 workstation (QIAgen), which resulted in 200 ml Buffer AE (QIAgen) DNA elution. The same 13 sex-linked markers used by Rodrigues et al. [24, 28] were amplified by polymerase chain reaction (PCR). Electronic supplementary material, table S1 provides information on primers (GenBank accession numbers, repeat motifs, primer sequences, range of allele sizes and references) and the two multiplex mixes used. PCR reactions were performed with a total volume of 10 ml, including 3 ml of extracted DNA, 3 ml of QIAgen Multiplex Master Mix 2Â, and 0.05 to 0.7 ml of labelled forward primer and unlabelled reverse primer (see electronic supplementary material, table S1). PCRs were conducted on Perkin Elmer 2700 machines using the following thermal profile: 15 min of Taq polymerase activation at 958C, followed by 35 cycles including denaturation at 948C for 30 s, annealing at 578C for 1 min 30 s and elongation at 728C for 1 min, ending the PCR with a final elongation of 30 min at 608C. PCR products for genotyping were run on an automated ABI Prism 3100 sequencer (Applied Biosystems, Foster City, CA, USA) and alleles were scored on GENEMAPPER v. 4.0 (Applied Biosystems).
(c) Statistical analysis
Fixation indices (gene diversity H S , F ST between sexes, F IS within sexes) were calculated with FSTAT v. 2.9.4, updated from [33] based on the 20 adult pairs from Ammarnäs and 11 adult pairs from Tvedöra. Principal component analyses (PCA) were performed with PCAGEN v. 2.0, updated from [34] , with input files generated by CREATE v. 1.33 [35] . Sex-specific recombination rates were estimated independently from the Ammarnäs and Tvedöra families using CRIMAP v. 2.4 [36] . The twopoint option was used to identify marker pairs with a LOD score exceeding 3.0, the all option to generate loci order, the build option to calculate the distances between loci (centimorgans, cM) and the flip option to test the robustness of loci order. Sex-specific recombination maps were plotted using MAPCHART v. 2.2 [37] .
Family and population-wide sex-ratio biases among metamorphs and froglets were tested with binomial tests, or Pearson's x 2 tests when sample size n exceeded 100. Correlations between paternal haplotypes and offspring phenotypic sex were tested with Fisher's exact test, or Pearson's x 2 test when sample size n exceeded 100; they were quantified by f 2 , an index of association ranging from 0 to 1, obtained as x 2 /n. Sex haplotypes could be phased in Ammarnäs thanks to the strong sex differences in allelic frequencies and the absence of male recombination (see Results). X and Y haplotypes were analysed separately for gene diversity (i.e. expected heterozygosity H S ) and differentiation (F ST ), and plotted along the main factors of a principal component analysis (FSTAT v. 2.9.4 [33] ; PCAGEN v. 2.0 [34] ). The genetic diversity index u was calculated from H S as u ¼ ((1 2 H S ) 22 2 1)/2, assuming a stepwise mutation model [38] . At neutral equilibrium, the u value for locus i is expected to reflect the effective population size N e , mutation rate m i and number of copies per breeding pair c i : 
Results (a) Population genetics
In line with the results of Rodrigues et al. [28] , the two populations differed markedly in terms of sex differentiation at LG 2 , which was strong and significant in Ammarnäs (F ST ¼ 0.108, p 0.01) but absent in Tvedöra (F ST ¼ 20.0005, p 0.8). Similarly, F IS was strongly negative in the males from Ammarnäs (F IS ¼ 20.235), but slightly positive in females from this population (F IS ¼ þ0.029), as well as in both sexes from Tvedöra (F IS ¼ þ0.066 in males, þ0.072 in females). This is illustrated by the results of STRUCTURE and PCAGEN analyses (figure 2): males and females from Tvedöra are randomly allocated to the two STRUCTURE groups and mixed within a single cluster in PCAGEN analysis. By contrast, adults from Ammarnäs are allocated to two well-differentiated clusters that perfectly match phenotypic sexes, except for one male (A 17M ), which shows mixed assignment to the male and female groups. This individual lacked male-specific alleles at three loci, but also harboured unique alleles at two others. It was found in amplexus with a normal XX female, but its fertility is unknown, as no clutch from this pair was retained for laboratory rearing.
(b) Recombination maps
The patterns of recombination differed strongly between sexes (figure 3), with much longer maps in females (160.8 and 165.4 cM in Ammarnäs and Tvedö ra, respectively) than in males (0.0 and 2.0 cM, respectively). Altogether we only identified four events of recombination in males (out of a total of 594 offspring genotyped with 13 markers), spread among three families of Tvedö ra (T 2 , T 3 and T 4 ). The difference between populations was not significant ( p ¼ (323/ 594) 4 ¼ 0.087, one-sided combinatorial test, probability that all four recombination events occur among the 323 offspring from Tvedö ra). The maps from both Ammarnäs and Tvedö ra ( figure 3) showed the exact same loci order as found in Swiss families [24] , although two loci, Bfg072 and RtuB, could not be placed on the Ammarnäs map.
(c) Family sex ratios 
LG 2 males females males females rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20142726 Table 1 . Sex ratios and sex linkage at metamorph and froglet stages in families from Ammarnäs (A 1 to A 6 ) and Tvedöra (T 1 to T 6 ), with population totals. M, F, NA: number of offspring with male, female or undifferentiated gonads, respectively. In Tvedöra, this association varied markedly between families and developmental stages. At metamorphosis, f 2 varied from 0 to 0.23 (discounting family T 2 where only five offspring could be sexed), with a mild but significant sex linkage in three families (T 3 , T 5 and T 6 ). As a result, sex linkage was weak but highly significant at the population level (f 2 ¼ 0.11, p , 0.001). In froglets, f 2 values were both larger on average and more variable (ranging 0 to 1). Sex linkage was complete (f 2 ¼ 1) and significant in two families (T 5 and T 6 ). Deviations from perfect linkage in other families stemmed from many instances of XX females and XY males. At the population level, association was highly significant, though much lower than in Ammarnäs (f 2 ¼ 0.39 versus 1.00).
(e) Phasing X and Y haplotypes
The X and Y haplotypes could be phased in males from Ammarnäs, thanks to the absence of male recombination and strong sex differences in allelic frequencies, combined with information on offspring phenotypic sexes. This allowed identification of a limited set of highly similar Y haplotypes. On the PCAGEN projection (figure 4), these Y haplotypes are well differentiated from the male X haplotypes; the latter perfectly co-localize with XX females (which indirectly corroborates our X and Y assignments in males), with however a larger variance due to their haploid state. 
Discussion
Families from the two populations under study displayed very similar sex-specific rates of recombination on LG 2 . The only notable difference concerned the male map, which was 0.0 cM in Ammarnäs and 2.0 cM in Tvedö ra. Even though the difference is very small (and not significant from our limited sample), a limited rate of male recombination still has the potential to contribute to the mix of X and Y alleles observed in Tvedöra. More striking differences, however, were found in the association between paternal LG 2 haplotypes and offspring phenotypic sexes. All families from Ammarnäs displayed large and highly significant f 2 values; only two XY females were found among the 240 metamorphs, and none among froglets or adults. This parallels the strong XY differentiation at the population level, with highly differentiated X and Y haplotypes (figure 4), suggesting that XY females do not contribute significantly to reproduction. The absence of XY recombination is also supported by the much lower u values obtained for Y than for X (1.75 versus 12.32), pointing to the action of Hill-Robertson interferences in addition to the threefold drop in effective population size. One reproductive male (A 17M ) had a mixed Y haplotype, suggestive of a past event of XY recombination (male-specific alleles were lacking at three loci), but possibly also indicating an immigrant from a distant population (two loci harboured unique alleles). In Tvedö ra, by contrast, patterns were highly heterogeneous, with relatively large and significant f 2 values in a few families, but no association in others. Even families with significant f 2 values presented some mismatches between phenotypic sex and paternal LG 2 haplotypes, suggesting frequent occurrence of 'sex-reversed' XX males and XY females. If the latter reproduce, the ensuing XY recombination should be sufficient to prevent XY differentiation (the 'fountain of youth' [12] ) and probably contributes to the complete overlap in allelic frequencies at the population level ( figure 2 ). This situation is highly reminiscent of the Swiss populations investigated by Rodrigues et al. [24] , which also displayed a large variance among families in the association between offspring sex and paternal LG 2 haplotype, together with a rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20142726 complete overlap in allelic frequencies, and no differentiated Y haplotypes. Importantly, these results oppose the simple alternative hypothesis formulated in §1, according to which sex determination would be purely epigenetic in the southern population. A genetic sex determinant also occurs on LG 2 in Tvedö ra, but differs from that found in Ammarnäs in being weaker and variable in strength among families. In addition, we also found strong differences in family and population sex ratios. They were equal at metamorphosis in all Ammarnäs families, except for a slight female bias in A 2 . This latter family, moreover, also contained 13 offspring with undifferentiated gonads, which were all males according to their LG 2 haplotype; assigning these 13 offspring to their genotypic sex makes biases vanish both in this family and at the population level. By contrast, families from Tvedö ra displayed strong and highly significant female biases at metamorphosis. Population-level sex ratio returned to even at the froglet stage, but some biases remained at the family level, suggesting multigenic or environmental contributions to sex determination. Although experimental tanks might have slightly differed in terms of local conditions (e.g. density, food or temperature), we do not expect this to affect our conclusions, due to randomization (the differences in the patterns of gonadal development mostly occurred between populations, not between families within populations). Similarly, differential mortality is unlikely to have played a role; this would imply mortality to be sex biased in families from Tvedö ra but not from Ammarnäs, and in a very specific way, being biased towards males before metamorphosis, then towards females after metamorphosis. We find more parsimonious the suggestion that offspring from these two populations fit the distinct patterns of gonadal development already documented for this species [16, 20, 21] . Thus, we tentatively assign Ammarnäs to Witschi's [20] 'differentiated race', in which offspring present either testes or ovaries in equal proportion at metamorphosis, and Tvedö ra to the 'semi-differentiated race', characterized by a female bias at metamorphosis, but also some juveniles already with testes.
When combined with sex-linkage data, these contrasted patterns of gonadal development furthermore support a link between Witschi's 'sex races' and the mechanisms of sex determination; specifically, as already hypothesized by Piquet [21] , these races might differ in the genetic versus epigenetic components of sex determination. Accordingly, the 'differentiated race', such as found in Ammarnäs, would be characterized by strong genetic sex determinants, with XX and XY genotypes lying far apart each side of the threshold (figure 1), leading to an early and unambiguous differentiation into either a male or a female phenotype. Sex reversals and ensuing XY recombination would be absent or sufficiently rare that Y haplotypes are well differentiated at the population level. By contrast, the 'semi-differentiated race', such as found in Tvedö ra and possibly in the Swiss populations investigated by Rodrigues et al. [24] , would be characterized by a weaker genetic component (i.e. XX and XY genotypes closer to the threshold), making sex determination vulnerable to random effects or environmental factors such as temperature. The frequent occurrence of sex reversals and ensuing sex-chromosome recombination in XY females would prevent the differentiation of X and Y haplotypes.
It is worth noting, however, that the genetic component of sex determination also varies in strength among families within populations. Such polymorphism might actually account for the bimodal distribution of male genotypes documented in several mid-boreal populations by Rodrigues et al. [28] . Indeed, if some of the Y alleles segregating in a population are strong enough to entirely prevent XY individuals from developing into females, then they will generate families of non-recombining haplotypes that will progressively diverge from local X haplotypes. Furthermore, families also seem to differ in the timing of sex determination: whatever their ultimate phenotypic sex, offspring from families with a weak sex determinant tend to develop ovaries first, which are later replaced by testes in some individuals. This suggests a genetic difference in the sex-determination pathway between the differentiated and undifferentiated races, which could be the actual upstream gene, its robustness to environmental variation or the interactions of genes in the downstream pathway.
A potential role of phylogeography was suggested to account for the latitudinal trend in sex-chromosome differentiation across Fennoscandia [28] : two divergent eastern and western mtDNA-lineages of R. temporaria meet south of Fennoscandia [39] , raising the possibility that the trend documented reflects a divergence between lineage-specific systems of sex determination. However, the point must also be made that the distribution of Witschi's sex races fits climatic gradients [20] , while that of mitochondrial lineages fits roads of postglacial recolonization (e.g. [40] ). If our present hypothesis of a link with Witschi's sex races holds true, then the patterns of sex-chromosome differentiation should be independent of phylogeographic lineages. This is worth testing through further investigations on populations from different lineages and climatic zones.
It should be clear from our results that such 'sex races' are not to be seen as discrete entities, but as a continuum, underlaid by a cline in the strength of allelic effects (similar to the one found, for example, in the silverside Menidia menidia [41, 42] ), where alleles contributing strong effects are preferentially found in harsh and unpredictable environments, and those with weak effects in milder and more predictable environments, though with a segregating polymorphism among families within populations.
Conclusion and perspectives
The present study provides several important new insights on the intriguing sex-determination system of common frogs. First, we show that among-population differences in sexchromosome differentiation [28] do no stem from differences in XY recombination, but in the mechanisms of sex determination. Second, by analysing the patterns of gonadal development, we provide support for a link between sex-chromosome differentiation [28] and Witschi's sex races. Third, we substantiate the view that these sex races differ in the genetic versus epigenetic component of sex determination. In the northern population (assigned to the differentiated race), the phasing of sex haplotypes enabled us to quantify a diversity drop on Y chromosomes, probably to stem from Hill-Robertson interferences. In the southern population (assigned to the semi-differentiated race), we could document a variance in sex ratios among families, together with a variance in the association between offspring phenotypic sex and paternal LG 2 haplotype, pointing to within-population polymorphism at the sex-determining locus.
Extrapolating from our data, the 'undifferentiated race' (described from central and southern Germany, Netherlands rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20142726 and southern England [20] ) would have sex determined mostly or entirely epigenetically. Such populations would be worth investigating in detail to test our present hypothesis; the specific prediction being that, in such populations, not only do all offspring present ovaries at metamorphosis, but the phenotypic sex of froglets is completely uncorrelated with parental haplotypes.
Linkage groups other than LG 2 should of course also be tested, in order to exclude a contribution of alternative genetic factors mapping to different chromosomes. Rodrigues et al. [24] did not find any sex association with linkage groups other than LG 2 , despite very low male recombination over the whole genome, but analyses should be furthered with a higher density genetic map (e.g. with RAD Seq markers), in order to exclude alternative genetic components with more confidence. It would also be interesting to perform gene expression analyses, in order to provide further evidence of differences in the sex determination cascade between the differentiated and undifferentiated races, for example in terms of gene expression timing or gene interactions.
It is worth noting that similar polymorphisms in sex-determination mechanisms have been suggested for other ranid frogs; in a population of Rana nigromaculata, for instance, sex was shown to co-segregate with paternal chromosome-4 haplotypes in some families, but not in others, which furthermore showed 'very irregular sex ratios' [43] . Moreover, similar polymorphisms in the patterns of gonadal development, with differentiated, undifferentiated and semi-differentiated types, have been described for other species of frogs (e.g. [44, 45] ). Extending investigations to a wider taxonomic range might provide important insights on the evolution of sex determination in amphibians. 
